Motor neuron degeneration is the predominant pathological feature of spinal muscular atrophy (SMA). In patients with severe forms of the disease, additional sensory abnormalities have been reported. However, it is not clear whether the loss of sensory neurons is a common feature in severe forms of the disease, how many neurons are lost, and how loss of sensory neurons compares with motor neuron degeneration. We have analysed dorsal root ganglionic sensory neurons in Smn-/-;SMN2 mice, a model of type I SMA. In contrast to lumbar motor neurons, no loss of sensory neurons in the L5 dorsal root ganglia is found at postnatal day 3-5 when these mice are severely paralysed and die from motor defects. Survival of cultured sensory neurons in the presence of NGF and other neurotrophic factors is not reduced in comparison to wildtype controls.
INTRODUCTION
Autosomal recessive Spinal Muscular Atrophy (SMA) is caused by loss of the telomeric copy of the survival of motor neuron gene (SMN1) on human chromosome 5q13 (1) . Despite the widespread expression of SMN in various tissues and neuronal cell types, motor neurons are predominantly affected, and motor neuron degeneration is the leading pathological alteration in this disease (2) . The severity of the SMA phenotype is modified by the number of centromeric SMN2 copies (3) (4) (5) . In the most severe form of the disease (type I SMA) according to (6) and (7), sensory defects have also been observed (8) . In particular in type I SMA patients, reduced nerve conduction velocity has been recorded from mixed and sensory nerves (9) , and severely affected SMA type I patients with congenital muscular hypotonia which progressed to early death showed inexcitability of sensory nerves (10) . More detailed analysis of sensory nerves from seven type I SMA patients revealed axonal degeneration in sural nerves (11) . In type I SMA patients, many empty myelin sheaths and atrophic axons in the sensory nerves correlated with typical signs of sensory axonopathy in electrophysiological analyses. Interestingly, SMA II and SMA III patients did not show sensory nerve pathology.
Based on these findings, we analysed the loss of sensory neurons in the L5 dorsal root ganglia of postnatal Smn-/-;SMN2 mice. These mice serve as a model for human type I SMA (12) . We investigated dorsal root sensory neurons at different developmental periods. E14 was chosen to investigate defects in by guest on May 3, 2016 http://hmg.oxfordjournals.org/ Downloaded from neurite outgrowth at a stage, when sensory nerve fibers normally reach their target, the skin. Survival of sensory neurons was investigated at postnatal day 3-5, when the developmental period of physiological cell death is over and neuronal losses due to pathological processes become apparent. We also investigated survival, neurite growth and growth cone morphology in cultured sensory neurons from E14 mouse embryos. Isolated sensory neurons from such embryos need trophic support to survive in cell culture, and neurite growth resembles initial fiber outgrowth and not a regenerative response resembling that of adult neurons after axotomy.
The number of cell bodies in the L5 dorsal root ganglia of Smn-/-;SMN2 mice is not reduced at postnatal day 5, when these mice are severely paralysed due to defects in motor neurons. The sensory nerve endings in the skin of 14 days old Smn-/-;SMN2 embryos appear smaller in comparison to controls. In isolated sensory neurons, β-actin mRNA and protein are reduced in distal neurites and growth cones. Growth cones of Smn-deficient cultured sensory neurons are smaller and their neurites shorter. These findings suggest that sensory neurons are also affected by Smn deficiency, but the pathological changes are more discrete than in motor neurons.
RESULTS

Quantification of neurons in L5 dorsal root ganglia
Previous studies have shown that the number of spinal motor neurons is reduced in various models of spinal muscular atrophy (12) (13) (14) (15) . 3-5 days old Smn-/-;SMN2 mice that serve as a model for type I SMA exhibit a 17% loss of motor neurons in the lumbar spinal cord (12) . At that stage, these mice are severely paralyzed, and they normally do not survive longer than 5-7 days after birth. In order to investigate whether sensory neurons are also affected by the disease we counted the number of neurons in L5 dorsal root ganglia from Smn-/-;SMN2 mice. Smn-/-;SMN2 mice and age-matched controls were perfused at postnatal day 1, 3 and 5. The spinal cord together with the dorsal root ganglia was dissected, and 15µm paraffin serial sections were prepared and Nissl-stained.
We counted the nuclei of neuronal cell bodies in every 10 th section of the L5 dorsal root ganglia (Fig. 1 
a). No significant difference was observed between
Smn-/-;SMN2 and control DRGs ( Fig. 1 b) (20, 21) . NGF predominantly supports small pain-conducting neurons (21) , and GDNF acts more broadly on these different subtypes of neurons (19, 22) . Therefore, in order to investigate whether Smn deficiency differentially affects these subpopulations, NGF, GDNF, BDNF and NT-3 were separately added at a concentration of 10ng/ml each as survival factors to the sensory neuronal cultures. In a first attempt we investigated whether NGF, NT-3, BDNF and GDNF responsiveness is altered in Smn-/-;SMN2 sensory neurons. Survival of DRG neurons did not differ in the presence of these different neurotrophic factors ( Fig. 2 a, b) . Without neurotrophic factors neurite outgrowth normally is very low (Fig. 2 c) and there was no difference between neurite-bearing cells in mutants and controls (data not shown). We then investigated the size of cell bodies in these different groups. Whereas the subpopulations of NT-3 responsive neurons showed larger cell bodies ( 
Subcellular distribution of Smn, hnRNP-R and β-actin in cultured sensory and motor neurons
In order to investigate and compare the distribution of Smn, hnRNP-R and β-actin protein in sensory and motor neurons, both types of neurons were prepared from E14 embryos and taken into culture. Sensory neurons were plated on Laminin-111 (according to (23) ) and cultured in the presence of 10ng/ml NGF for 24 hours. Motor neurons were grown on the same substrate for 7 days in the presence of BDNF and CNTF (10ng/ml each). After fixation, sensory and motor neurons were stained with antibodies against Smn, β-actin and hnRNP-R, respectively. Staining against hnRNP-R was combined with antibodies against β-actin ( Fig. 3 a, e, i) and Smn ( 
HnRNP-R and β-actin distribution in neurites and growth cones of primary cultured sensory neurons
We have previously observed that Smn, hnRNP-R, β-actin and β-actin mRNA accumulation is reduced in axon terminals of cultured Smn-deficient motor neurons (16) . Therefore we investigated the distribution of these proteins in sensory neurons cultured from control and Smn-deficient mice. In addition, we compared the growth cone size of Smn-deficient and wildtype sensory neurites (Fig. 4) . After 24 hours in the presence of NT-3, BDNF, GDNF and NGF the sensory neurons were fixed and stained with monoclonal antibodies against β-actin and hnRNP-R. HnRNP-R staining in growth cones of sensory neurons is restricted to the pars compacta (Fig. 4 f, arrow) . Growth cone size was significantly reduced in sensory neurons (P<0.0001) (Fig. 4 m) .
Immunoreactivity of β-actin protein appeared highly reduced in the distal part of the neurites (Fig. 4 d, l) . No differences in growth cone size were observed in various subgroups of sensory neurons which survive in the presence of NGF, NT-3, BDNF or GDNF (Fig. 4 m) .
β-Actin mRNA is reduced in growth cones of cultured sensory neurons from Smn-deficient embryos
Based on the finding that growth cones of Smn-deficient sensory neurons contain less β-actin immunoreactivity than wildtype controls, we investigated whether β-actin mRNA is also reduced. For this purpose we performed in situ hybridisation with an antisense probe against actin mRNA. Light microscopic analysis revealed a reduced signal for actin mRNA in the distal part of Smndeficient sensory neurons (Fig. 5 b, d ) in contrast to wildtype cells (Fig. 5 a, c ).
An actin mRNA sense probe was used as a negative control (Fig. 5 e) .
Morphological characterization of sensory nerve ending footpads of Smndeficient mice
The observation that Smn-deficient cultured sensory neurons do not show any alterations with respect to cell survival but exhibit defects in neurite elongation and reduced growth cone size, prompted us to examine sensory nerve endings in vivo at a stage when these neurites grow out and make contact with their targets.
For this purpose we isolated footpads from E14 Smn-/-;SMN2 embryos and control littermates. After fixation, 10µm thick cryosections were cut and stained with a polyclonal antibody against Neurofilament-M. Sections were analysed under a confocal microscope for morphological alterations of the nerve endings in the epidermis of the footpads.
In comparison to controls (Fig. 6 a, c) , nerve endings from Smn-deficient embryos do not reach the upper epidermal layer (Fig. 6 b, d ). Higher magnification of innervating nerves revealed that sensory neuron endings were prominent in control embryos and showed a typical globe-like structure (Fig. 6 e, f). In contrast, the nerve endings were much thinner in Smn-/-;SMN2 embryos ( Fig. 6 g, h) . We have also quantified the number of sensory nerve endings in Growth cones of these sensory neurons were significantly smaller in cultured Smn-deficient neurons. Accumulation of the Smn interaction partner hnRNP-R is less pronounced in the distal part of the sensory nerve processes. Moreover, β-actin protein and mRNA levels are reduced in growth cones of sensory neurites, indicating that similar pathophysiological processes as those observed in Smndeficient motor neurons are responsible for these defects.
Sensory defects have so far only been reported in severe SMA, in particular in patients with prenatal disease onset. For example, a patient described by (11) who was ventilated from birth on with no motor function at all, showed a fiber density of 3500/mm 2 in the sural nerve, whereas age-matched controls have more than 20.000 fibers per mm 2. . This finding indicates that sensory defects develop early in severe SMA, at the same time when motor defects become apparent. Similarly, isolated sensory neurons from 14 day old Smn-/-;SMN2 mouse embryos show reduced neurite growth, and the growth cones in the skin of these mice are smaller than in controls. Surprisingly, these alterations did not result in loss of sensory cell bodies in the L5 DRG ganglion at postnatal day 3-5,
indicating that reduced SMN levels do not affect survival of sensory neurons in culture or in vivo.
Interestingly, motor neuron loss in the same mice is small at birth, and increases during the following 3 to 5 days (12). When motor neurons are isolated at E14, axon growth is reduced during a period of 7 days in culture. This indicates that axon pathology precedes neuronal cell death in motor neurons. Indeed, when isolated motor and sensory neurons are grown in culture in the presence of neurotrophic factors, cell death is not enhanced, although the defects in neurite growth are clearly apparent under these in vitro conditions. This suggests that the cell death of motor neurons is a consequence of loss of contact and subsequent loss of trophic support from skeletal muscle. The finding that treatment with cardiotrophin-1, a neurotrophic factor which is secreted from developing skeletal muscle to innervating motor neurons, can reduce motor neuron loss in Smn-deficient mice (24) , supports this hypothesis.
The neurite growth defect observed with isolated sensory neurons is much less pronounced in comparison to motor neurons. Neurites from sensory neurons grow much faster than from isolated motor neurons under similar culture conditions. Within 24 hours, they grow distances up to 300 or 400 µm, whereas axons from cultured motor neurons need 7 days for the same distance. Growth of sensory and motor axons in cell culture differs by the frequency of growth cone collapses, changes in growth directions and turns, which are much more frequent in motor than in sensory axons ( Fig. 3 a and b) . The growth cone plays an essential role in axon guidance (25) , and β-actin dynamics regulate axon growth direction (26) . The growth cone in isolated sensory neurons is smaller than in motor axons, and this reflects differences in neurite growth between these two types of cells. The finding that defects in motor axon guidance are a dominant feature after RNAi knockdown of Smn in zebrafish (17) is in line with this idea.
In summary, Smn-/-;SMN2 mice exhibit specific alterations in sensory neurons which are less prominent than defects in motor neurons. Neurites are shorter and growth cones smaller in sensory neurons from Smn-deficient embryos. Reduced levels of β-actin mRNA and protein in sensory growth cones point to a similar pathomechanism in both cell types, indicating that Smn deficiency might result in more widespread changes in the nervous system, in particular in type I SMA.
MATERIALS AND METHODS
Quantification of neurons per DRG
Mice were deeply anaesthesized and transcardially perfused with 4% PFA at postnatal day 1, 3 and 5. The spinal cord with the attached dorsal root ganglia was prepared, and 15µm paraffin serial sections were cut. Neurons in dorsal root ganglia were counted in every 10 th section from L5 spinal cord segments. The raw counts were corrected for double-counting of split nucleoli, as described (27) . Cryosections of footpads from Smn-wildtype and Smn-deficient E14 embryos were prepared. Each section was stained with a polyclonal antibody against Neurofilament-M (red) and analysed by confocal microscopy. Distal nerve endings from Smn-deficient sensory neurons do not reach the most distal located
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